Nowadays, orthotopic liver transplantation (OLT) has been a routine treatment of irreversible acute and chronic liver diseases (*[@R1], [@R2]*). In latest 30 years, the successful rates of OLT have increased steadily, and the unadjusted 1-year survival has reached 88.2% (*[@R3]*). In 2012 alone, 6,256 adult liver transplants were performed, and more than 65,000 people were living with a transplanted liver in the United States (*[@R4]*). However, acute rejection (AR) after OLT is still a life-threatening complication (*[@R5]*), and there are few available diagnostic biomarkers clinically for AR, thus, the identification of the rapid and noninvasive diagnostic tools is critically needed.

Currently, intestinal microbiota has been recognized as the most important microecosystem and a major metabolic "organ" that keeps a symbiotic relationship with the body (*[@R6]--[@R8]*). The human gut accommodates approximately 400 different species of bacteria and comprises 10^13^ to 10^14^ microorganisms whose total genome contains more than 100 times of human beings genome (*[@R6], [@R9]*). Although intestinal microbiota plays crucial roles on various beneficial functions, including digestion of complex plant polysaccharides, maturity of initial immune system, and resistance to the invasion of enteric pathogens (*[@R10], [@R11]*), it has been associated with a spectrum of human diseases, such as inflammatory bowel diseases (*[@R12]*), liver cirrhosis (*[@R13]*), and hepatocellular carcinoma (*[@R14]*). Moreover, recent reports have indicated that intestinal transplantation results in colonic flora dysbiosis (*[@R15], [@R16]*), and AR after liver transplantation induces fecal microbial changes in rats (*[@R17]*).

The intimate anatomic and functional relationship between the intestine and the liver closely links both in health and disease. Hepatic injury or diseases, such as hepatic I/R injury (*[@R18], [@R19]*), alcoholic steatohepatitis (*[@R20]*), and liver cirrhosis (*[@R13]*), always follow alterations in intestinal permeability and microbial composition. Meanwhile, under disease condition, intestinal microbial imbalance can aggravate liver injury and chronic inflammatory disease (*[@R20]*), ultimately promoting hepatocellular carcinoma (*[@R14]*). Nevertheless, it remains unclear that intestinal microbial dysbiosis is a cause or a consequence of hepatic injury or diseases.

In this study, we established the AR model of OLT and dynamically observed the relationship between microbial imbalance and liver rejection to identify intestinal microbial profile and explore potential application of microbial profile as a biomarker for AR after OLT.

RESULTS
=======

Dynamic Alterations of Hepatic Graft Structure and Function After OLT
---------------------------------------------------------------------

For the AR group, hepatic graft suffered from the I/R injury on day 1, initial AR on day 3, and severe AR on day 7 after OLT, thus the graft structure and function presented a dynamic alteration (Fig. [1](#F1){ref-type="fig"}).

![Dynamic alterations of hepatic graft structure and function during AR after OLT. A, representative hepatic graft histopathology stained with H&E (, 200×). B, representative hepatocytes ultrastructure observed by TEM. C, changes of plasma levels of ALT and AST at different time points after OLT. H&E, hematoxylin-eosin; TEM, transmission electron microscopy; AR, acute rejection; OLT, orthotopic liver transplantation; N, cell nucleus; M, mitochondria.](tp-98-844-g001){#F1}

Under light microscope (Fig. [1](#F1){ref-type="fig"}A), the liver in the normal control (NC) group showed a normal structure with well-arranged hepatocyte cords. Both the nonrejection (NR) and AR groups presented a disarray of hepatocyte cords, hepatocyte vacuolization, and widened sinusoids on day 1 after OLT. Hepatic graft injury was attenuated in the NR group, but aggravated in the AR group on days 3 and 7. Especially on day 7, lots of hepatocytes necrosis was noted in the AR group.

Hepatic graft ultrastructure presented a similar change (Fig. [1](#F1){ref-type="fig"}B). On day 1, lots of lipid droplets and mild karyopyknosis appeared in hepatocytes in both NR and AR groups. On days 3 and 7, hepatocytes morphology gradually restored near normal level in the NR group, but the obvious karyopyknosis and organelle breakdown were observed in the AR group.

Compared with NC group, plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were significantly increased in both NR and AR groups on day 1 (*P*\<0.01 and 0.001, respectively). On day 3, both ALT and AST were decreased in the NR versus AR groups. On day 7, plasma ALT and AST decreased near normal level in the NR group, but obviously increased in the AR group (Fig. [1](#F1){ref-type="fig"}C).

Dynamic Quantification of Fecal Microbiota During AR After OLT
--------------------------------------------------------------

The dynamic comparisons of dominant bacterial groups by real-time quantitative polymerase chain reaction (RT-qPCR) between the NR and AR groups were shown in Figure [2](#F2){ref-type="fig"}. *Faecalibacterium prausnitzii* was significantly reduced in the AR versus NR group on day 7 (*P*\<0.01). *Lactobacillus* was also decreased in the AR group (*P*\<0.05). Contrastingly, *Clostridium bolteae* was obviously enriched in the AR group compared with NR group on day 7 (*P*\<0.01). Other bacteria groups did not show any statistical difference among different groups.

![Dynamic quantification of fecal microbiota during AR after OLT. On the level of bacterial genus, dominant bacterial populations were analyzed by RT-qPCR between the NR and AR groups at different time points after OLT. The dominant bacteria mainly included *Faecalibacterium prausnitzii*, Clostridium clusters I, Clostridium clusters XI, Clostridium cluster XIVab, *Clostridium bolteae*, Bacteroides, *Bifidobacterium* species, Lactobacillus, Enterococcus and Enterobacteriaceae. Statistical differences were analyzed by *t* test between NR and AR groups. Log10 copies/g: log10 no. of 16S rDNA gene copies per gram feces (wet weight). \**P*\<0.05, \*\**P*\<0.01. AR, acute rejection; OLT, orthotopic liver transplantation; NR, nonrejection; RT-qPCR, real-time quantitative polymerase chain reaction;](tp-98-844-g002){#F2}

Cluster Analysis and Diversity Analysis of DGGE Profiles
--------------------------------------------------------

DGGE profiles of ileocecal microbiota presented changes of microbial composition. To analyze DGGE profiles characteristics, we utilized Dice coefficient and unweighted pair-group method with arithmetic means as a cluster method to indicate band pattern similarity (Fig. [3](#F3){ref-type="fig"}A). These profiles formed three primary clusters. The left cluster consisted of samples from NC, 7NR, and 3NR groups, in which the total similarity was 80.4%. The middle cluster contained samples of 1AR and 1NR groups with 75.1% total similarity. The right cluster accommodated 7AR and 3AR groups with 73.4% similarity. Meanwhile, the similarity among lanes from each group ranged from 78.7% to 95.2%, suggesting a uniqueness and stability of samples from each group.

![Cluster analysis and diversity analysis of DGGE profiles with universal primers V3 using Dice's coefficient and unweighted pair-group method with arithmetic means. A, cluster analysis of DGGE profiles from the different groups. Metric scale denotes the degree of similarity. Band numbers (corresponding to Fig. [4](#F4){ref-type="fig"}E band classes) indicated the position of bands excised for sequence. B, MDS analysis based on DGGE fingerprinting. The plot is an optimized three-dimensional representation of the similarity matrix obtained from BioNumerics software. C, PCA based on DGGE fingerprinting. It reorients the plot to maximize the variation among lanes along the first three principal components (the contributions 19.2, 16.4, and 10.6, respectively). (D) Intestinal microbial diversity analysis including Shannon's diversity index, species richness, and Shannon's evenness index among the different groups. \**P*\<0.05, \*\*\**P*\<0.001. MDS, multidimensional scaling; PCA, principal components analysis.](tp-98-844-g003){#F3}

![Identification of key bands of intestinal microbial changes and phylogenetic tree analysis of sequences in DGGE profiles. A, the intensities of three key bands (band classes 80.5, 76.6, and 53.3) increased and one key band (band class 70.6) decreased during the initial and severe rejection after OLT. B, the intensities of three key bands (band classes 6.4, 15.6, and 78) increased during only severe rejection after OLT. C, the intensities of three key bands (band classes 11.3, 59, and 19) increased and (D) four key bands (band classes 16.7, 26.6, 40.2, and 60.3) decreased during the I/R injury and severe rejection after OLT. E, phylogenetic tree analysis of sequences from DGGE profiles using the neighbor-joining method. Twenty-eight band classes without labels showed little variation among the different groups. Six band classes labeled with black spot showed an increase and one band class labeled with black diamond showed a decrease during only rejection. Three band classes labeled with black triangle showed an increase and four band classes labeled with black square showed a decrease during the I/R injury and rejection after OLT. The plot was obtained from MEGA5 software (<http://en.wikipedia.org/wiki/MEGA,_Molecular_Evolutionary_Genetics_Analysis>). OLT, orthotopic liver transplantation; I/R, ischemia-reperfusion.](tp-98-844-g004){#F4}

Moreover, cluster characteristics of DGGE profiles were confirmed by multidimensional scaling (Fig. [3](#F3){ref-type="fig"}B) and principal components analysis (Fig. [3](#F3){ref-type="fig"}C). The distance between two data points represents the diversity of microbial compositions between two samples. Microbial structures of samples from the NC, 7NR, and 3NR groups, the 1AR and 1NR groups, as well as the 7AR and 3AR groups were, respectively, clustered together and showed a separation from each other by multidimensional scaling (Dim 1, Dim 2, and Dim 3) and principal components analysis axis X-Y-Z (19.2%, 16.4%, and 10.6%, respectively).

We analyzed microbial diversity using Past software (Fig. [3](#F3){ref-type="fig"}D). Compared to NC group, Shannon's diversity index was decreased in the NR (*P*\<0.05) and AR groups (*P*\<0.001) on day 1 and reduced in the AR group (*P*\<0.05) on day 7, although Shannon's evenness index did not show any obvious difference among different groups. Meanwhile, compared with NC group, species richness was reduced in the NR (*P*\<0.05) and AR groups (*P*\<0.001) on day 1, as well as the AR group on day 7 (*P*\<0.05).

Phylogenetic Tree Analysis of Sequences in DGGE Profiles
--------------------------------------------------------

In the 56 PCR-DGGE bands analyzed in the study, 42 band classes were identified, in which 28 had little variation in band intensity among different groups. Compared to the NR group, intensities of band classes 80.5 (bands 18 and 40), 76.6 (band 17), and 53.3 (bands 13 and 55) were significantly increased, whereas band class 70.6 (bands 30 and 43) was decreased in the AR group on days 3 and 7 (Fig. [4](#F4){ref-type="fig"}A). Meanwhile, intensities of band classes 6.4 (band 20), 15.6 (bands 21 and 48), and 78.0 (bands 32 and 44) were elevated in the AR group on day 7 (Fig. [4](#F4){ref-type="fig"}B). Compared with the NC group, intensities of band classes 11.3 (bands 2 and 45), 59 (bands 15 and 56), and 19 (band 22) were remarkably increased (Fig. [4](#F4){ref-type="fig"}C), whereas band classes 16.7 (band 4), 26.6 (band 7), 40.2 (band 10), and 60.3 (band 28) were decreased in hepatic I/R injury and severe rejection (Fig. [4](#F4){ref-type="fig"}D).

To clarify the phylogenetic relationship of bacterial species and find key bacteria of microbial changes during AR, the phylogenetic tree of sequences from DGGE bands was analyzed. In Figure [4](#F4){ref-type="fig"}(E), almost all matched bacteria of DGGE bands were allocated into three phyla: *Firmicutes* (50.0%), *Bacteroidetes* (40.9%), and *gamma-proteobacteria* (9.09%). The closest matched bacterial species corresponding to the above 14 key band classes presented in the phylogenetic tree, and the details were shown in Table S1 **SDC,** <http://links.lww.com/TP/B35>. In these key bacteria, all increased bacteria were assigned to phylum *Bacteroidetes* (3/3), whereas the decreased bacteria belonged to phylum *Firmicutes* in both initial and severe AR. Meanwhile, most of increased bacteria were assigned to phylum *Bacteroidetes* (2/3), whereas most of the decreased bacteria belonged to phylum *Firmicutes* (3/4) in both I/R injury and severe AR.

Dynamic Changes of Intestinal Barrier Function During AR After OLT
------------------------------------------------------------------

We observed ileal mucosal ultrastructure by transmission electron microscopy (Fig. [5](#F5){ref-type="fig"}A). Intestinal epithelial cells in the NC group showed a normal morphology with many homogenously distributed microvilli and integrated tight junction. On day 1, intestinal epithelial integrity in both NR and AR groups were destroyed, evidenced by microvilli loss and tight junction damage. On days 3 and 7, intestinal epithelial barrier gradually recovered near normal level in the NR group, but it first restored and then significantly damaged in the AR group, expressed by microvilli disruption, tight junction damage, and bacterial invasion.

![Dynamic changes of intestinal barrier function during AR after OLT. A, representative intestinal mucosal ultrastructure observed by TEM between the NR and AR groups at different time points after OLT. B, changes of plasma endotoxin were observed among the different groups. C, the positive rates of bacterial culture in the blood were shown in the different groups. D, fecal sIgA content was calculated by ELISA and expressed as micrograms (μg) per gram wet feces in the different groups. E, plasma level of TNF-α was detected by ELISA in the different groups. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001. TEM, transmission electron microscopy; AR, acute rejection; OLT, orthotopic liver transplantation; TNF, tumor necrosis factor; ELISA, enzyme-linked immunosorbent assay; M, microvilli; TJ, tight junction; NR, nonrejection, AR, acute rejection.](tp-98-844-g005){#F5}

Plasma endotoxin and tumor necrosis factor (TNF)-α were increased in the NR and AR groups versus NC group on day 1 (*P*\<0.01 and *P*\<0.001, respectively). On days 3 and 7, plasma endotoxin and TNF-α gradually decreased and recovered near normal level in the NR group, but they first decreased and then significantly increased in the AR group (Fig. [5](#F5){ref-type="fig"}B and E).

Bacterial culture in the blood was shown in Figure [5](#F5){ref-type="fig"}(C) and (**Table S2, SDC,** <http://links.lww.com/TP/B35>). The positive rates almost had no obvious differences between NR and AR groups on days 1 and 3. Notably, the positive rate was increased in the AR (6/6) versus NR groups (1/6) on day 7 (*P*\<0.05).

Fecal sIgA contents were decreased in the NR and AR groups versus NC group on day 1 (both *P*\<0.001). On days 3 and 7, sIgA content gradually increased and restored near normal level in the NR group, but it first increased and then remarkably decreased in the AR group (Fig. [5](#F5){ref-type="fig"}D).

DISCUSSION
==========

Rejection injury is a leading cause of graft dysfunction after OLT (*[@R5]*), and few diagnostic biomarkers are clinically available for AR. An increasing studies have indicated that intestinal microbial variation is associated with various human diseases including inflammatory bowel diseases (*[@R12]*), type 2 diabetes (*[@R21]*), cardiovascular disease (*[@R22]*), liver cirrhosis (*[@R13]*), and hepatocellular carcinoma (*[@R14], [@R23], [@R24]*). Hepatic injury or disease always follows changes in intestinal permeability and microbial composition through "intestinal microbiota-liver" axis (*[@R20]*). Meanwhile, the improved hepatic graft function could promote intestinal microbial restoration (*[@R19]*), suggesting microbial profiling as a potential biomarker of liver injury. A recent study indicated that AR after OLT could induce structure shift of fecal microbiota in rats (*[@R17]*). However, so far, the dynamic relationship between AR and intestinal microbial change has not been illustrated. In this study, we established the AR model of OLT, dynamically observed rejection injury and intestinal microbial changes, and identified key microbial markers reflecting the early AR after OLT in rats.

After OLT, hepatic graft suffered from the I/R injury in both NR and AR groups on day 1, expressed by similar hepatic histology and ultrastructure as well as plasma ALT and AST. However, hepatic graft function recovered near normal level in the NR group, whereas lots of hepatocytes necrosis with inflammatory cells infiltration appeared in the AR group on day 7. Importantly, although hepatic histology and ultrastructure showed no obvious difference between both groups on day 3, plasma ALT and AST in the AR group were obviously increased, which suggested that rejection injury might initiate on day 3 and significantly aggravate on day 7.

Intestinal microbiota presented different alterations and respectively clustered together with a high similarity in hepatic I/R injury and rejection injury, which indicated that microbial profiling was helpful to distinguish liver dysfunction after OLT from hepatic I/R injury or AR. Notably, cluster analysis showed that the 7AR and 3AR groups clustered together with 73.4% similarity, suggesting a high similarity in microbial composition between day 3 and day 7 after OLT in the AR group. However, graft structure had no significant aggravation on day 3, whereas the obvious hepatic rejection appeared on day 7. These data suggested that intestinal microbiota was more sensitive than hepatic histology in responding to hepatic rejection injury after OLT. Thus, we hypothesized that intestinal microbial shift on day 3 after OLT could predict AR in early phase before severe aggravation of graft function. Next, we found four key bands of microbial shift in both the early and severe AR injuries. These key bacteria may become an auxiliary diagnosis marker for the early AR after OLT.

The "microbiota-liver" axis closely links intestinal microbiota and liver function in health and disease (*[@R20]*). Intestinal microbiota is a complex ecological structure with an extensive microbial population (*[@R6], [@R9]*), thus how acute rejection causes microbial changes is an important question. On one hand, AR after OLT may induce partial graft dysfunction and transient portal hypertension (*[@R25]*), which may lead to intestinal microcirculation disturbance including intestinal I/R injury (*[@R26]*), thereby inducing alterations in intestinal permeability and microbial composition (*[@R27]*). Similar mechanism may also happen in cirrhotic patients. In patients with liver cirrhosis, fecal microbiota changes mainly presented the prevalence of potentially pathogenic bacteria, such as *Enterobacteriaceae* and *Streptococcaceae*, with the reduction of beneficial populations, such as *Lachnospiraceae* (*[@R13]*). On the other hand, inflammation induced by AR plays a central role in microbial alterations. Intestinal mucosal immune system can detect and clear most food-borne pathogens, and keep potential opportunists in check without excess harm to host tissues through Toll-like receptor (TLR) and nucleotide-binding oligomerization domain-like (NLR) receptor recognizing various bacterial products including lipopolysaccharide and bacterial DNA (*[@R20]*). Acute rejection after OLT can trigger cascade reaction of substantial proinflammatory factors production and release to activate TLR-NLR pathways (*[@R28]*), thereby initiating intestinal mucosal immune system to clear the bacteria. For example, small bowel transplantation rejection was associated with alterations in microbial populations in ileal effluents (*[@R16]*). In contrast, during AR, altered microbial composition can result in microbial products activating TLR and NLR of the innate immune system, thereby driving proinflammatory gene expression that aggravates liver rejection injury (*[@R20]*). Thus, intestinal microbial profiling may become a potential biomarker predicting liver injury or rejection after OLT.

Intestinal barrier dysfunction or various intestinal diseases such as irritable bowel syndrome (*[@R29]*), Crohn's disease (*[@R30], [@R31]*), and inflammatory bowel diseases (*[@R32]*) always accompany alterations of microbial composition, but the causal relationship between intestinal barrier dysfunction and microbial variation remains unclear. Thus, we further tested intestinal barrier function including epithelial integrity, endotoxin, TNF-α, and fecal sIgA, and found intestinal barrier damage from hepatic I/R injury on day 1, partial restoration on day 3, and significant aggravation on day 7 after OLT. However, cluster analysis showed that the 7AR and 3AR groups clustered together with 73.4% similarity, which suggested that intestinal microbial variation preceded barrier dysfunction. These results may hint that alterations of intestinal barrier function from day 3 to day 7 were partly attributed to microbial disruption during hepatic rejection injury.

There has been growing interest in the therapeutic potential of fecal microbiota transplantation for chronic gastrointestinal infections (*[@R33]*), inflammatory bowel diseases (*[@R34]*), cardiovascular diseases (*[@R22]*), metabolic diseases, and autoimmune diseases (*[@R35]*). In a recent randomized controlled trial, duodenal infusion of donor feces was significantly more effective for the treatment of recurrent *Clostridium difficile* infection than the use of vancomycin (*[@R36]*). Thus, intestinal microbiota can be manipulated to become a safe and promising treatment of human diseases. Because of "microbiota-liver" axis, liver diseases can lead to intestinal microbial disruption, and microbial imbalance can aggravate liver disease (*[@R14], [@R20]*), which also happens in hepatic AR after OLT. Therefore, intestinal microbial variation may become an assistant therapeutic target to stop the vicious circle of "microbiota-liver" axis, thereby improving hepatic rejection injury after OLT.

In conclusion, hepatic rejection injury after OLT can induce intestinal microbial alteration in early phase and subsequent intestinal barrier dysfunction, which may in turn aggravate hepatic rejection injury in the late phase. Because of a high sensitivity of microbial change during AR after OLT, intestinal microbial variation may predict AR in early phase after OLT, and also become an assistant therapeutic target to improve rejection injury after OLT.

MATERIALS AND METHODS
=====================

Animals
-------

Specific pathogen-free Lewis rats were purchased from Beijing Vital River Laboratories; specific pathogen-free DA rats were purchased from Animal Resources Centre, Murdoch, Western Australia and breed in the laminar flow cabinet. All rats were housed in Laboratory Animals Center of First Affiliated Hospital, School of Medicine, Zhejiang University. The rats were caged in 21°C, 12 hr light-dark cycle, and fed with sterilized standard rat chow and water.

Experimental Protocol
---------------------

The rats (weight 220--250 g) after OLT were divided into two groups. (i) The NR group (n=18): both donors and recipients were Lewis rats. (ii) The AR group (n=18): donors were DA and recipients were Lewis rats. Rats were sacrificed by overdose anesthesia and sampled at days 1, 3, and 7 after OLT, respectively (n=6). Meanwhile, six healthy Lewis rats were sampled as NC group. All procedures were performed according to "Guide for the Care and Use of Laboratory Animals" published by the National Institutes of Health (publication 86-23 revised 1985). The protocols were approved by Animal Care and Use Committee of First Affiliated Hospital, School of Medicine, Zhejiang University.

Surgical Procedures, Sample Collection, and Tests
-------------------------------------------------

The OLT models, sample collection, and testing methods of liver histology and function, liver and intestine ultrastructure, DNA extraction of ileocecal content, and intestinal barrier function test were established according to our previous techniques (*[@R19], [@R37]--[@R39]*).

Real-Time qPCR
--------------

Real-time qPCR was performed using a DNA Engine Opticon 2 apparatus (Bio-Rad, Hercules, CA) with the Opticon Monitor software (version 3.0; Bio-Rad), as our previous operations (*[@R19]*). The primers for the genetic determinants and annealing temperatures were shown in Table S3 (**SDC,** <http://links.lww.com/TP/B35>).

DGGE Profiling
--------------

DGGE was performed using the D-Code universal mutation detection system apparatus (Bio-Rad). DGGE profiles were processed digitally using BioNumerics software version 6.01 (Applied Maths, St-Martens-Latem, Belgium) (*[@R19]*). Cluster analysis of DGGE profiles were performed with the unweighted pair-group method.

Sequencing of DGGE Bands
------------------------

The interested DGGE bands were excised and sequenced. The detailed sequencing process of DGGE bands referred to our previous study (*[@R19]*). The phylogenetic tree was constructed using MEGA 5.0 program by the neighbor-joining method based on evolutionary distances.

Statistical Analysis
--------------------

All data are expressed as mean±standard error of the mean. For parametric data, statistical significance among groups was compared by one-way analysis of variance analysis. For nonparametric data, Kruskal-Wallis followed by Dunn's multiple comparison tests was used. Statistical analyses were conducted using SPSS version 17.0 for Windows (SPSS Inc., Chicago, IL).
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